The Vertical-Cavity Surface-Emitting Laser (VCSEL) is an established optical source in short-distance optical communication links, computer mice and tailored infrared power heating systems. Its low power consumption, easy integration into two-dimensional arrays, and low-cost manufacturing also make this type of semiconductor laser suitable for application in areas such as high-resolution printing, medical applications, and general lighting. However, these applications require emission wavelengths in the blue-UV instead of the established infrared regime, which can be achieved by using GaN-based instead of GaAs-based materials. The development of GaN-based VCSELs is challenging, but during recent years several groups have managed to demonstrate electrically pumped GaN-based VCSELs with close to 1 mW of optical output power and threshold current densities between 3-16 kA/cm 2 . The performance is limited by challenges such as achieving high-reflectivity mirrors, vertical and lateral carrier confinement, efficient lateral current spreading, accurate cavity length control and lateral optical mode confinement. This paper summarizes different strategies to solve these issues in electrically pumped GaN-VCSELs together with state-of-the-art results. We will highlight our work on combined transverse current and optical mode confinement, where we show that many structures used for current confinement result in unintentionally optically anti-guided resonators. Such resonators can have a very high optical loss, which easily doubles the threshold gain for lasing. We will also present an alternative to the use of distributed Bragg reflectors as high-reflectivity mirrors, namely TiO2/air high contrast gratings (HCGs). Fabricated HCGs of this type show a high reflectivity (>95%) over a 25 nm wavelength span.
INTRODUCTION
The Vertical-Cavity Surface-Emitting Laser (VCSEL) was first proposed in 1977 by Professor Kenichi Iga from Tokyo Institute of Technology, who two years later also achieved lasing for the first time under pulsed operation at 77 K. 1, 2 In earlier research by Ivars Melngailis in 1965, lasing parallel to the current injection was achieved for the first time and some of the advantages of this type of laser structure were highlighted such as easy array formation and low divergent output beam due to coherent emission from a large area. 3 Room temperature operation in a VCSEL was achieved 4, 5 in 1989 and in the mid-1990's VCSELs became commercially available. Today, more than 100 million VCSELs are produced annually and the price for such a laser for computer-mouse applications is approaching $0.10. 6 Applications for today's VCSELs include short-distance optical links, computer-mouse applications, laser printers, sensors, infrared illumination and tailored infrared power heating systems. They have become a popular light source because of their advantages over their edge-emitting laser counterpart such as high modulation speed at low drive currents, circular symmetric low-divergent output beam, low threshold currents, ease to fabricate into two-dimensional arrays, and low-cost manufacturing due to on wafer-testing. 6 If VCSELs were also available with emission wavelengths in the ultraviolet to visible regime, many more applications could benefit from such a light source. For example, in visible light communication current state-of-the-art uses micro-light-emitting diode (LED) arrays. The performance of those emitters is limited by the spectral bandwidth and slow frequency response due to long carrier lifetimes associated with the spontaneous emission process. 7, 8 A laser would offer a light-source with a much narrower spectrum and much higher modulation speed. GaN-based edge-emitting lasers have been used to transmit 4 Gbit/s with a bit-error-rate of 2.7·10 -4 in a 0.15m free-space link 9 and more advanced modulation schemes (64-QAM OFDM) have been applied to reach 9 Gbit/s over 5 m in free-space 10 with a bit-error-rate of 3.6·10 -3 . A VCSEL could offer additional advantages compared to an edge-emitting laser, as mentioned above.
In solid-state-lighting, white light sources can be achieved by using blue LEDs with phosphorus coating to yield white emission. However, the blue LEDs are suffering from efficiency droop (reduction in power efficiency at higher drive current densities), and to efficiently generate enough lumens, an LED bulb must contain many LEDs where each is operated at a low-current density. This leads to a large part of the wafer being dedicated to just one LED bulb and results in a high cost. If blue-emitting lasers would be used instead of the LEDs, a high-power conversion efficiency could be achieved at much higher current densities, and the much higher optical output power generated by a single device would correspond to a smaller area to achieve the same lumens, resulting potentially in a lower cost for laser-based lighting systems. [11] [12] A VCSEL offers a more directional, circular-symmetric beam, which could lead to new and more compact luminaires at a low cost. In addition, the individually addressable elements in a two-dimensional VCSEL array would enable tailor-made, dynamic emission patterns for smart lighting systems.
GaAs-based VCSEL arrays are established devices in laser-printers, and higher resolution, high-speed printers would benefit from VCSEL arrays with shorter emission wavelengths. 13 Single-mode and polarization stable VCSELs might also be of interest in high-density optical data storage, most likely only for read-out where 4-5 mW is required, and not for writing where the power levels required are about 30-40 mW, 14 much higher than what a single-mode VCSEL can deliver. GaN-VCSELs could also be of interest for laser display applications, such as head-up-displays, near-eye displays 15 and picoprojectors, which do not require so much optical output power. Different sensor applications, such as Doppler-based interferometers 16 , could also benefit from a short-wavelength VCSEL.
The interest for short wavelength (400-500 nm) lasers in bio-sensors and medical diagnosis and treatment is rapidly growing and new applications are continuously arising. Chemical tracking and biological agent detection is enabled by exciting fluorescent dyes and proteins. 17 In dentistry, low power lasers are used to detect caries, using fluorescence from hydroxyapatite or bacterial by-products. Moreover, photochemical reactions based on photoactivated dye techniques can be used to disinfect root canals, periodontal pockets, cavity preparations and sites of peri-implantitis. 18 In optogenetics, stem cells can be genetically modified to render them sensitive to blue light. Thereby, events in specific cells of living tissue can be controlled, with applications in artificial ears 19 or eyes. Blue VCSELs could enable novel designs and facilitate system integration into the body. A 2D-VCSEL array would allow for selective stimulation of a nerve without mechanical repositioning of the laser and the individually addressable lasers gives the possibility to stimulate multiple sites simultaneously. This two-dimensional probing of neural networks has been demonstrated with GaN micro-LED arrays 20 , and is desired for example in chochlear implants 21 . Blue LEDs have recently been used in in vivo optogenetic experiments 22 , where VCSELs could offer additional advantages such as a low-divergent circular-symmetric output beam and improved high-speed performance. In the field of medical diagnosis, the detection of skin and esophagus cancer is now possible without the use of biopsy by using laser-induced fluorescence at a wavelength of 410 nm. 23, 24 GaN-based lasers have also recently been used in early diagnosis of oral cancer. 25 This non-invasive technique is fast, reliable and reduces both pain and recovery time for the patient. In medical treatment, a technique has recently been developed which uses blue light to activate chemotherapy drugs in specific cells, which could lead to more effective chemotherapy for cancer treatment with limited side effects. 26 To summarize, even though there are no commercial GaN-based VCSELs yet, there are many applications which would benefit from such a light source, and most likely more applications will appear once such light source is available. It is also encouraging to see many companies investing time and effort into this field, and as a result Nichia 27 , Panasonic 28 and Sony 29 now all have demonstrated electrically injected GaN-VCSELs.
STATE-OF-THE-ART
The first electrically injected GaN-based VCSEL was demonstrated by the National Chiao Tung University (NCTU) in Taiwan in April 2008. 30 It had one bottom epitaxial AlGaN/GaN DBR, one top dielectric DBR, and a 240 nm indiumtin-oxide (ITO) layer as a current spreading layer. It operated under continuous wave (CW) conditions at 77K at a wavelength of 462.8 nm. The threshold current density was 1.8kA/cm 2 for a 10-µm device, and the output power was published in arbitrary units. The first room temperature CW operation was reported by Nichia Corporation, Japan, in December 2008. 27 This device used two dielectric DBRs, a 50 nm ITO layer, and a device with an 8µm-aperture had a threshold current density of 13.9 kA/cm 2 and an output power of 0.14 mW. Publications from a few groups followed, and since the first demonstrations there have been a lot of progress in the field of electrically injected III-nitride based VCSELs, both in terms of new technological solutions as well as performance characteristics. 31 To date there are seven groups in the world who have demonstrated lasing under electrical injection [27] [28] [29] [30] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] , and the different approaches and structures are summarized in Table 1 . The performance characteristics of published devices, in terms of output power and threshold current density, are plotted in Fig. 1 . To compare performance characteristics of lasers it is important to study both optical output power and threshold current since they are interlinked, for example a laser with a low top mirror reflectivity can have a high optical output power, but the threshold current would then also be high. To be able to compare published results from GaN-based VCSELs with different aperture sizes, current density instead of current is plotted in Fig. 1 .This is however a measure that should be taken with caution, since the injection current and emission profile of GaN-based VCSELs are sometimes far from uniform across the whole aperture, due to filamentary lasing. Continuous-wave operation is indicated in the figure by filled markers and pulsed operation by open markers. The lasing wavelength is also different from case to case, which have been illustrated in the figure by three colored groups; violet (406 nm -422 nm), blue (446 nm -463 nm), and green (503 nm). As seen in Fig. 1 , there are now several reports on optical output powers close to 1 mW with decent current densities. These performance characteristics can be compared to that of the more mature GaAs-VCSELs emitting at 850 nm, where our standard devices with an 8-µm aperture size have a maximum optical output power around 4-10 mW depending on mirror design and a threshold current density around 0.8-2.0 kA/cm 2 . The performance of our GaAs-VCSELs with 9 and 11µm apertures are published in Refs. 48, 49 . The comparison in performance characteristics between GaN-and GaAsVCSELs, shows that there is still room for improvement for GaN-based VCSELs.
A schematic view of an electrically injected GaN-based VCSEL is shown in Fig. 2 , and as mentioned previously, the detailed structures are summarized in Table 1 . Compared to a GaAs-based VCSEL there are some differences such as the use of one (or even two) dielectric DBRs in GaN-VCSELs due to the lack of a two near lattice-matched materials with high refractive index contrast. The DBRs are not electrically conductive, thus intracavity contacts are always used, and the cavity length is much longer in GaN-VCSELs. Due to the low electrical conductivity of p-GaN, transparent current spreading layers are necessary to allow for efficient current injection from the intracavity contacts to the multiple InGaN quantum wells. Indium-tin-oxide is in most cases employed, except for one recent publication which demonstrated a tunnel junction combined with highly conductive n-GaN on top as the current spreader 37 . Lateral current confinement has usually been achieved by a dielectric aperture of silicon dioxide or silicon nitride, and lately optically guided structures are also being explored and implemented. In GaAs-VCSELs simultaneous current and optical confinement is achieved by selective oxidation of a high Al-content AlGaAs-layer. Recently, new approaches for current confinement in GaN-VCSELs have been developed such as plasma damage of p-GaN 32 , ion implantation 36, 47 , and airgaps by photoelectrochemical etching 38 . A number of key challenges in GaN-VCSEL will be described in more detail in the next chapter. 
KEY CHALLENGES

Mirrors
GaAs-VCSELs profit from the near lattice-matched AlGaAs-material system, which allows for growing crack-free highly reflective Distributed Bragg Reflectors (DBRs). The relatively high refractive index contrast (Δn/nhigh) of 14% at 850 nm for an Al0.12Ga0.88As/Al0.90 Ga0.10As DBR, results in a broad stopband of 75 nm (full-width half-maximum) for a standard bottom DBR with 34 mirror pairs. Since both mirrors in a VCSEL need a reflectivity above 99%, an even more relevant measure would be the width of the spectrum for a reflectivity above 99%, which is 59 nm for the mentioned DBR. Besides a high reflectivity over a broad spectral range, the AlGaAs DBRs can also be electrically conductive, allowing for current injection through the DBRs and contacts can thus be placed on top of the top DBR and on bottom of the bottom DBR. Achieving broadband, high reflectivity, electrically conductive DBRs in the III-nitride-based material system is a big challenge. It is difficult to find two materials with high refractive index contrast that are lattice-matched to each other, and in addition have high electrical conductivities. High peak reflectivities (>99%) have been reached with DBRs in (Al)GaN/Al(Ga)N 50-53 as well as in AlInN/GaN 54, 55 . An AlN/GaN DBR has a higher refractive index contrast (about 12% at 420 nm), which is close to that of AlGaAs DBRs, and as a result the 99% stopband width is about 22 nm if 22 mirror pairs are used. However, the DBR suffers from an in-plane lattice mismatch of about 2.5%. Ternary AlGaN could be used instead of binary AlN/GaN to mitigate cracking, but a larger number of pairs is then necessary to reach high enough reflectivity due to the lower index contrast, and the stopband width will thus be narrower. To reduce stress in the DBR, short-period superlattices (SLs) have been used, below the DBR 56 , and incorporated into the DBR 52 . The inserted AlN/GaN SLs can suppress the generation of cracks, but cannot reduce the number of the V-defects. 57 Another way for strain management is to use thin low-temperature AlN interlayers. 53 The interlayers can reduce crack-formation, but can also reduce the overall reflectivity of the DBR, which has to be taken into account when designing the DBR. Spontaneously formed interlayers have also been seen to reduce the peak mirror reflectivity and stopband. 58 Selective area growth has also been applied to grow crack-free DBRs in areas up to 150x150 µm, 59 sufficiently large for VCSELs. Instead of AlGaN, an epitaxial DBR can be realized using lattice-matched AlInN/GaN to grow strain free highly reflective mirrors 60 . The composition of AlInN is very sensitive to growth conditions, but if grown correctly, it can result in a basically strain-free DBR allowing for high quality quantum wells to be grown on top. The index contrast of the layers is however lower than AlN/GaN (about 6% at 420 nm), which results in a mirror with a more narrow 99% stopband of about 12 nm if 42 mirror pairs are used. Any deviation in thickness of the DBR layers will translate into a deviation in the center position of the stopband, for example a 3% thickness deviation, results in a 3% shift of the center position of the DBR stopband, which corresponds to 12.5 nm if the mirror is designed for 420 nm. As a result, the 99% stopband could end up outside the 99% stopband of the other DBR if one mirror has 3% thicker layers. Thus, a narrow stopband DBR makes the spectral alignment between DBR reflectivities more challenging as well as their matching with gain spectrum and cavity resonance. There have been very few reports on electrically conductive DBRs [61] [62] [63] due to the low electrical conductivity of III-nitrides and the many hetero-interfaces necessary in the DBRs (due to the low refractive index contrast of the materials). Thus, intracavity contacts have so far been the only option for GaN-VCSELs.
To avoid the problem with epitaxial DBRs due to the low refractive index contrast and non-lattice-matched materials, an alternative approach is to use dielectric DBRs. Due to the higher refractive index contrast (44% if SiO2/Ti2O2 is used) only about 11 pairs are required to achieve a high reflectivity and the resulting 99% stopband width is as wide as 148nm. A double dielectric scheme does however require either substrate removal or epitaxial lateral overgrowth of the bottom dielectric DBR, making the exact control of the cavity length challenging, see Section 3.3. Substrate removal has been achieved by laser-induced lift-off, polishing and photoelectrochemical etching (PEC) of a sacrificial layer. Laser-induced lift-off is not easily applied to VCSEL structures grown on free-standing GaN, due to the lack of absorption contrast between epitaxial GaN and the GaN substrate. Insertion of light-absorbing structures is possible but might hamper the crystal quality of the VCSEL structure grown on top, since they are usually not perfectly lattice-matched to GaN. The fabrication process requires bonding to a support substrate to be able to handle the thin layer structures that are lifted-off and the layer structure has to have a certain thickness, typically above 4 µm to avoid stress fractures in the GaN film. 64 Chemical mechanical polishing (CMP) on the other hand can be applied to remove GaN substrates from epitaxial GaN structures. However, thickness control is a challenge, as is achieving low-thickness variation across a large-area substrate due to the hardness of the GaN material. This method also requires bonding to a support substrate. PEC also requires bonding, but has the advantage of providing a more accurate cavity length control. ELOG does not require bonding, but achieving short cavity lengths and an exact control of the cavity length is challenging, due to the ratio between vertical to horizontal growth rates. Besides the above-mentioned challenges with a double dielectric DBR scheme, it will in addition lead to VCSELs with increased heating thereby faster misalignment of cavity resonance and gain peak, due to the lower thermal conductivity of dielectric DBRs.
Dielectric DBRs have a high refractive index contrast, but an even higher contrast (Δn/nhigh=60%) can be achieved if the DBR consists of GaN and air. In this case only a few periods would be necessary to achieve a high reflectivity, and the stopband will be very broad. In the realization of a semiconductor/air gap DBR, selective wet-etching is crucial as every second layer (sacrificial layer) in the DBR has to be removed to create the air gaps. , and electrochemical etching of n-doped GaN 69, 70 . Most critical in the fabrication of GaN/airgap DBRs is to avoid collapse of the structure and to achieve a mechanically stable structure with no bending. The thickness of the GaN is often increased to 5λ/4 instead of λ/4 to improve mechanical stability. Another challenge is the often low selectivity in the wet-etch, which results in a non-uniform thickness of the GaN layers in the radial direction, since they are slightly etched in the removal of the sacrificial layer.
An alternative to a DBR is a high refractive index contrast grating (HCG), which is described in more detail in Section 5. HCGs are believed to offer a number of advantages 71 , such as transverse mode and polarization control and a broader reflectivity spectrum than epitaxially grown DBRs. An additional benefit is the possibility to set the resonance wavelength of the VCSEL by the dimensions of the grating 72 , which recently was demonstrated in a GaAs-based VCSEL 73 . By varying the duty cycle and/or the period of the grating, while maintaining the same grating layer thickness, the phase of the reflected wave can be altered without affecting the magnitude of the reflection. A change in phase is effectively the same as changing the cavity length, i.e., by varying the lateral parameters of the grating on nearby VCSELs, individual resonance wavelengths can be achieved for devices from the same epitaxial layer structure. Thus, enabling the fabrication of a multi-wavelength VCSEL array where the emission wavelengths of the individual devices are set in one single post-growth lithography step. A main challenge in the fabrication of a III-nitride-based HCG is to find a sacrificial layer that can be selectively removed without affecting the HCG layer. There have been a few attempts, such as bandgap-selective photoelectrochemical etching of a sacrificial InGaN superlattice to form an AlGaN HCG membrane 74 however, with a limited airgap height, and focused-ion-beam etching to create an airgap underneath a GaNbased HCG 75 , an impractical process for device integration on a wafer-scale. In addition, GaN membrane gratings have been fabricated from a GaN-on-Si structure [76] [77] [78] by selective etching of Si, and free-standing hafnium-oxide gratings using the same approach 79 , but applying this concept to fabricate a bottom mirror in a VCSEL is not straightforward, since growth of high-quality GaN on Si for laser applications is very challenging. Due to the difficulties in realizing a III-nitride based HCG structure with an airgap, a grating reflector without an airgap could be used, which previously has been proposed for long-wavelength VCSELs where the mirror fabrication also is complex. 80 Such a reflector in GaN has been demonstrated. 81 This concept offers a more mechanically rigid structure, but the lower index contrast results in a much smaller fabrication window to achieve a reflectivity above 99%. An alternative approach for an HCG for IIInitride-based light-emitters is a free-standing dielectric HCG in TiO2 realized by a sacrificial SiO2 layer 82 . It offers approximately the same high index contrast as that of free-standing GaN HCGs, since the refractive index of TiO2 is about 2.6 at a wavelength of 450 nm, with a negligible absorption for wavelengths above 400 nm. In addition, the TiO2 HCG scheme allows for direct integration into many different material systems, since lattice-matching is no longer a prerequisite.
Carrier transport and optical gain
Carrier transport must be optimized along both the vertical and lateral directions in order to achieve uniform carrier distribution among the multiple QWs of the active region and within each QW defined by the current aperture. A vertically uniform carrier distribution among the QWs is a challenge in all GaN-based light-emitters 83, 84 due to the large difference between the activation energy of donor and acceptor impurities 85 , the strong imbalance between electron and hole mobilities 86 , the large band offsets and, possibly even more critical, the spontaneous and piezoelectric polarization effects at heterointerfaces 87, 88 . In order to maximize the radiative recombination in the QWs, one should minimize current crowding 89, 90 as well as carrier leakage beyond the active region, which can involve both electrons [91] [92] [93] and holes 94 and could be enhanced by Auger 95, 96 and excited subband recombination 97 . Electrons can be prevented from leaking into the p-GaN layers by inserting an energy barrier in the conduction band between QWs and p-layers, a socalled electron-blocking layer (EBL). However, an EBL will also affect hole injection into the QWs, and the EBL design is thus crucial for low-threshold operation. Many different EBLs have been proposed and their effect on VCSEL performance has been investigated such as different p-doping levels of the EBL 98 , compositionally graded EBL 99 , and multiple barrier EBL 100 .
The design of the active region is very important, and Table 1 summarizes the different approaches used in electrically injected VCSELs. It is clear that there is so far no consensus on how the active region should be designed. For example, having many QWs (up to 10 have been used) may increase the optical gain per roundtrip in the cavity and the tolerances to spatial misalignment between the maximum of the standing optical wave and the QWs. One drawback is the nonuniform carrier distribution among QWs due to the above-mentioned mechanisms; as a result, it may occur that only the QWs nearest to the p-side contribute to the optical emission, as observed experimentally in InGaN/GaN LEDs 101 and predicted by simulations of GaN-based Fabry-Pérot lasers 102 and VCSELs
103
. This reduces the net gain since QWs that are pumped below transparency absorb light. The use of fewer QWs can lead to a more uniform carrier distribution between QWs, but could also result in an increased electron leakage 104 . Numerical simulations have shown that the insertion of a tunnel junction (TJ) in the middle of 10 QWs could improve the uniformity in carrier distribution and lead to higher output power 105 . Another approach to achieve more uniform carrier distribution 106 and higher optical gain 107 is to grow on nonpolar or semipolar planes rather than along the c-plane. III-nitride-based materials have, unlike GaAs, strong built-in electric fields due to spontaneous and piezoelectric polarization. In the QWs, the large electric field perpendicular to the epitaxial layers spatially separates the hole and electron wavefunctions, which leads to a reduced wavefunction overlap and thus a reduced radiative recombination efficiency and an increased threshold current. An increased overlap between hole and electron wavefunctions can also be achieved in QWs grown on polar planes by tailoring the shape of the QW along the growth direction. These are referred to as large-overlap QWs, and both stepfunction compositional grading [108] [109] as well as linearly grading 110 have been proposed. However, an additional advantage with InGaN QWs on nonpolar and semipolar planes is the anisotropic optical gain leading to VCSELs with a preferred polarization state 35 without the use of for example surface gratings 111, 112 .
To achieve low threshold currents, the optical mode must overlap well with the gain region defined by the current aperture. A laterally uniform carrier distribution within the gain region is also desirable to avoid selective excitation of higher order transverse modes. However, simulations show that due to the large difference in mobility between electrons and holes in III-nitrides, the recombination will predominantly take part in the periphery of the aperture and not in the center 113 . In addition, III-nitride VCSELs must use intracavity contacts due to the non-conductive DBRs. Thus, current spreading layers are necessary, and the transparent conductive oxide indium-tin-oxide (ITO) is most commonly used. However, ITO has a relatively high absorption (about 1000 cm -1 ), and must thus be placed in a minimum of the standing optical wave to keep the losses low. Any deviation in cavity length from design will dramatically increase the absorption losses. The surface roughness of the ITO should also be low, preferably having a root-mean-square < 1 nm to keep scattering losses low in the VCSEL 114 . Moreover, it is challenging to achieve a low contact resistivity between p-GaN and ITO, making it difficult for the contact to survive the high current densities required in VCSELs (typically tens of kA/cm 2 ). ITO deposition, usually done by sputtering to achieve high quality 115 , can easily lead to plasma damage of the p-GaN 116, 117 , preventing a low-resistive contact to be formed. Remote plasma deposition or physical vapor deposition such as electron beam evaporation can be used to avoid plasma damage of the p-GaN. In addition, multilayered ITO deposition at different temperatures has been developed to optimize contact resistivity, ITO properties 118 and surface roughness 114 .
Alternative solutions for a current spreading layer have been investigated, such as thin metal layers 119 and graphene 120 . Metals have low sheet resistance and can provide low-resistive contacts to p-GaN, but have a strong absorbance. If made thin enough and placed very accurately at an optical field node the optical absorption loss can be relatively low, but any deviation from target position will dramatically increase the absorption loss. Moreover, the resistance in very thin metals is much higher than in bulk layers 121 and their reliability and degradation at high current densities needs to be investigated. A single layer of graphene has an absorption loss of 2.3% 122 in the visible wavelength range, and if placed accurately within the cavity it would lead to a relatively low loss. However, most graphene has so far been transferred to GaN-based LEDs, and as a result of the transfer the contact resistivity is poor. There have been attempts to grow graphene directly on p-GaN 123, 124 . If such a technique can be developed that can provide graphene, or any other twodimensional material, with low resistance, high transparency and ohmic contact to p-GaN that can withstand high current densities, grown under conditions that do not jeopardize the underlying device structure, it may be a way forward. So far, though, the most promising approach to replace ITO is the tunnel junction (TJ). By incorporating a TJ, the topmost part of the p-GaN layer and the current spreading ITO layer can be replaced by a low-resistive n-GaN and the current spreading issue with associated high optical loss can be addressed. In long-wavelength InP-based VCSELs, which share many of the same challenges as GaN-VCSELs such as low p-type conductivity, high metal contact resistance to p-doped material, and poorly-conductive DBRs, tunnel junctions are a standard technology to achieve efficient lateral current spreading 125 . In order for the TJ to be successful in III-nitride-based VCSELs, in reverse bias it should have a low resistance with low additional voltage drop, low optical absorption and be able to withstand the high current densities. This has been a challenge in III-nitrides due to the large bandgaps and low hole concentrations. In recent work, TJs with thin InGaN layers have been explored to utilize the lower bandgap and polarization fields to reduce the tunneling barrier and facilitate the carrier tunneling 126, 127 . However, the absorption losses, critical for VCSELs, must be investigated and will most likely be higher than if only GaN is used. GdN nanoislands have also been incorporated in the TJ interface to increase the tunneling through midgap states 128, 129 . Very promising are the pure GaN TJs demonstrated recently which have been incorporated into LEDs 130, 131 . They have shown low differential resistance for a complete device (low 10 -4
Ωcm
2 ), and ability to withstand current densities exceeding 20 kA/cm 2 . Buried tunnel junctions have also been demonstrated to laterally confine the current 130 , and if the introduced structural step from the overgrown TJ transfers into the top DBR, it might also provide simultaneous optical guiding 132, 133 .
In most III-nitride-based VCSELs, the main focus has been on lateral current confinement and not on optical confinement. However, to achieve an efficient device with low threshold it is important to ensure a good lateral overlap between the optical mode and the carriers in the QWs. In fact, it has been shown that most apertures used for current confinement result in optically anti-guided structures with associated high losses 132, 133 , for more details see Section 4. Switching to index-guided structures instead, will contribute to lowering threshold currents and can be an effective way to reduce filamentation, something often seen in GaN-VCSELs 27, 28, 30, 32, 39, 40, 46 , and also seen in early proton-implanted gain-guided GaAs-VCSELs 135,136 .
Cavity length
To achieve a VCSEL with a low threshold current it is important to ensure a good spatial overlap between the optical mode and carriers. In the lateral direction this is achieved by having an aperture(s) that confines carriers and optical field to the center of the device, and in the vertical direction this is done by placing the quantum wells (QWs) in a maximum of the standing optical wave. The optically absorbing regions, such as the ITO layer, should be placed at a field minimum, see Fig. 3 . Besides this spatial matching, spectral matching between the cavity resonance, gain peak, and reflectivity of the mirrors is also required. A good control of the cavity length is of utmost importance since it will affect both spatial and spectral matching. Table 2 shows that most GaN-VCSELs use a cavity length (distance between the DBRs) of about 7λ or even longer. GaAs-VCSELs, on the other hand, use a shorter cavity length, even as short as 0.5λ, to improve transport and optical confinement in order to push the high-speed performance [137] [138] [139] . There are several reasons for using longer cavity lengths in GaN-VCSELs. The intracavity contacting scheme forces the use of a thick n- GaN to keep the lateral resistance from the n-contact layer low. If there is residual strain in the underlying structure, for example from epitaxial DBRs, the n-GaN must be grown to a certain thickness to allow for high quality QWs to be grown on top. If an epitaxial lateral overgrowth of the DBR is applied instead, the thickness of the n-GaN will be determined by the ratio between lateral and vertical growth rates in combination with the geometry of the overgrown DBR 29 . If chemical mechanical polishing is used to remove the substrate, the n-GaN will also be thick due to the inaccuracy in the substrate removal process 28 . In addition, a longer cavity length yields a decreased longitudinal mode separation, making it easier to match one longitudinal mode (or several) to the stopband of the mirrors and the gain spectrum. In a device with a 2-µm cavity length and two dielectric DBRs, the measured longitudinal mode separation was about 7 nm 28 , while the gain spectral width for InGaN QWs is below 15 nm 140 for a carrier concentration of 3·10 19 cm -3 and the net modal gain will be even narrower. If epitaxial DBRs are used the refractive index contrast is less, and thus the penetration depth into the DBRs will be longer, yielding a much longer effective cavity length for the same physical distance between the DBRs. Thus, devices with one epitaxial DBR usually have a shorter longitudinal mode separation, but on the other hand the reflectivity spectrum that the mode has to fit within is narrower. Moreover, the resonance wavelength (λ) is less sensitive to deviations in cavity length (ΔL) for a longer cavity, i.e. Δλ=λΔL/L. 28 This is an advantage since it is very difficult to control the cavity length within a few percent for a GaN-based VCSELs, no matter if epitaxial or dielectric DBRs are used. The drawbacks with a longer cavity are increased absorption loss in the cavity, reduced longitudinal confinement and decreased spontaneous emission factor. The importance of an accurate cavity length is illustrated in Fig. 4 for the case of two dielectric DBRs and in Fig. 5 for and one dielectric and one epitaxial DBR. The structure and material data used are the same as in Ref. 132 , except for the bottom DBR, which in Fig. 4 consist of 11 mirror pairs of TiO2/SiO2 and in Fig. 5 42 mirror pairs of AlInN/GaN without any absorption losses. The calculations were performed using the one-dimensional effective index method 141 and the deviation in cavity length corresponds to a change in the bottom n-GaN thickness that nominally is 904.4 nm thick. Negative deviation in cavity length corresponds to a shorter cavity length and positive deviation to a longer cavity length. The threshold material gain increases faster with a deviation in cavity length for the VCSEL with an epitaxial DBR, an increase of 100 cm -1 is reached already when the cavity length deviates by less than ±10 nm, while in the double dielectric DBR VCSEL the cavity length can deviate by more than ±35 nm before the same increase of 100 cm -1 occurs in threshold material gain. This is due to the fact that when the cavity length deviates from the optimum value, the resonance wavelength will shift, and will no longer overlap with the maximum reflectivity of the DBR. In the case of a low-refractive index DBR (as an AlInN/GaN DBR), this reduction in mirror reflectivity occurs much faster due to the narrower reflectivity spectrum. Due to the low-refractive index contrast of the epitaxial DBR, the penetration depth of the optical field into the DBR is longer, which results in a longer effective cavity length, and thus a shorter separation of Deviation in cavity length (nm) r 100 the longitudinal modes. For the examples in the figures the longitudinal mode separation is about 18 nm in the case with one epitaxial DBR and 27 nm for the double dielectric scheme. The shorter longitudinal mode separation does not help much to reduce the threshold material gain required for the epitaxial DBR VCSEL, since it is dominated by the low peak reflectivity and narrow reflectivity spectrum. It can however help a bit in reducing the threshold current since the detuning between resonance wavelength of a longitudinal mode and the gain peak will be less if the longitudinal mode separation is less. On the other hand, if the longitudinal mode separation is too short, multiple longitudinal mode lasing can occur. It should be noted that the resonance wavelength shifts less with a deviation in cavity length for the epitaxial DBR VCSEL, due to the longer effective cavity length. The shift is about 7 nm for a thickness deviation of 30 nm in the epitaxial DBR VCSEL case, and 10 nm or the same thickness deviation in the double dielectric DBR VCSEL. A benefit with the epitaxial DBR is the higher thermal conductivity, which results in a smaller resonance wavelength shift with drive current due to a lower temperature rise, which also affects the overall laser performance. The increase in threshold material gain due to a deviation in cavity length will affect the laser performance, but is not big enough to totally prevent lasing in the case of a double dielectric DBR, since InGaN QWs have proven to be able to deliver a material gain above 2500 cm -1 . 140 However, in the case of a VCSEL with a bottom epitaxial DBR, the cavity detuning might in fact prevent the laser from reaching threshold. 
GUIDING AND ANTIGUIDING EFFECTS
In the early works on electrically injected GaN-based VCSELs, the main focus on apertures was to obtain a good lateral current confinement without paying too much attention to the impact on optical properties 27, 28, 30, 32, 33, 40, 44, 45 . The method applied was to create an aperture by depositing an electrically non-conductive layer (often SiO2 or SixNy) on the p-GaN on top of the mesa and then fabricating a hole in the center onto which a transparent conductive layer (ITO) was deposited to pass the current through. In 2013, we reported our concern regarding these resulting non-planar structures 134 , i.e. having a downward step profile in the center (δ>0 in Fig. 7) , referred to as a depression in the structure. It was shown that the degree of the depression (or elevation in the case of upward step profile, δ<0) is simply and directly related to the ability of the laser cavity to work as a good waveguide. An optimal design of the optical waveguide is of great importance to achieve a good lateral overlap between the optical mode and carriers and to minimize lateral diffraction and radiation loss. Fig . 8 shows the layer structure with a depression in the center and the standing optical wave pattern in the center of the device. For some lateral cross-sections, indicated by green dashed lines, the refractive index of the material is lower in the center than in the periphery, while for cross-sections in between the situation is reversed, i.e. the refractive index is higher in the center of the device than in the periphery. Unfortunately, the standing optical field is high at the positions, where the refractive index is low in the center, effectively yielding a structure with low refractive index in the center and high in the periphery, a so-called anti-guided structure. An anti-guided structure is known to lead to a higher lateral radiation loss and thereby higher threshold currents and lower output powers, if lasing is at all possible. To investigate this further, a three-dimensional (3D) Beam Propagation Method (BPM) was deployed to calculate the threshold gain, accounting for the lateral radiation loss mechanisms such as diffraction and lateral leakage of light 132 for a number of different aperture schemes. The calculated threshold material gain as a function of the depression parameter δ is plotted in Fig. 9(a) , for the fundamental and the first higher order mode for a cold-cavity. For details about the different aperture schemes, Type A-E, see Ref. 132 . A strong dependence on the size and sign of the structural depression parameter δ is clearly observed for the fundamental mode and an even more extreme sensitivity for the first higher order mode. For δ<0 the threshold gain is low and fairly constant. For small positive δ on the other hand, the threshold gain is very large and decreases with increasing δ. Fig. 9 (b) shows the threshold material gain, under drive conditions which results in a maximum temperature increase of 70º in the center of the cavity. Thermal lensing effects result in a dramatic decrease in threshold gain for the cases with highest threshold gain, while the cases where δ <0 are hardly affected at all. To explore the threshold gain's dependence on the depression δ in more detail, the different contributions to the cavity loss, i.e. absorption, mirror outcoupling and lateral (diffraction and lateral leakage) loss were identified and are summarized in Fig. 10 for the fundamental mode in the cold-cavity case. The absorption and outcoupling losses do not vary much with the depression parameter δ, while the lateral loss is strongly dependent on nm-sized changes in the cavity structure. More information regarding this study can be found in Ref. 132, 133 . Figure 10 . The loss analysis including absorption, mirror outcoupling and lateral loss for different depressions δ for the fundamental mode in the cold cavity case.
To avoid optically anti-guided structures with high optical losses, i.e. structures with a depression in the center, new current and optical confinement schemes are now being developed by several groups. Cosendey and coworkers at EPFL 32 , have obtained transverse current confinement using reactive ion etching (RIE)-treatment to not only passivate the p-GaN surface but also etch very slightly in the periphery to form a shallow elevated structure in the center of about 10 nm. Their devices from the same epitaxial material, but with a "standard" SiO2 aperture that creates a depression in the center of the device, did not lase at all. Lai et al. at National Chiao Tung University made a shallow mesa etch in their microcavity structure and observed an improvement on optical confinement and cavity quality factor 142 . Leonard and coworkers at UCSB fabricated devices incorporating Al ion-implanted apertures in order to achieve a planar design without any depression or elevation in the center 36 . However, the built-in optical guiding was small due to the small index contrast between the implanted region and the center of the device, but anyway led to devices with a five times lower threshold current than their "standard" silicon nitride apertures. The UCSB team has also realized an airgap aperture by photoelectrochemical lateral undercut etching to selectively remove the multiple QWs outside the aperture region. This led to a strong lateral optical confinement due to the large refractive index contrast between airgap and QWs and no filamentation in the laser 38 .
TIO2/AIR HIGH CONTRAST GRATING REFLECTORS FOR GAN-BASED VCSELS
For GaN-based microcavity light emitters, such as VCSELs and resonant cavity light emitting diodes (RCLEDs) in the blue-green wavelength regime, to obtain a highly reflective feedback mirror with wide bandwidth is truly challenging. In this respect, the high contrast grating (HCG) structures have been quite popular recently as the top reflectors in VCSELs thanks to their potential advantages, over the much thicker conventional distributed Bragg reflectors (DBRs), such as broadband high reflectivity, wavelength setting capability, transverse mode control, and polarization selectivity. Ver y high performance HCGs have been demonstrated in different material systems such as GaAs, AlGaAs, InP, Si, etc. However much inferior performance has been achieved for GaN-based HCGs due to difficulties in this material system: there is no simple way to find a sacrificial layer with high wet etch selectivity to GaN. Attempts to realize III-nitride membrane type HCG structures for the visible regime have been limited to bandgap selective photoelectrochemical (PEC) etching of InGaN superlattices 74 , and focused-ion-beam (FIB) etching 75 , to make airgaps.
We proposed a new approach to achieve HCGs for GaN-based VCSELs using dielectric materials instead 82 . TiO2 is a dielectric material which has a refractive index similar to that of GaN and has a very low optical absorption for wavelengths above 400 nm. Moreover, a high etch selectivity can be achieved between SiO2 and TiO2 making them very suitable to be used as the sacrificial and grating materials, respectively.
Rigorous coupled-wave analysis (RCWA) simulations have been performed to design the free-standing TiO2 HCGs 143 . The resulting reflectance contour plots (with reflectivities above 99%) versus duty cycle and period (Λ) are shown in Fig. 11 , for both the electric field perpendicular to the gratings bars (TM polarized light) and parallel to the grating bars (TE polarized light). The gratings were designed for a wavelength of 450 nm, where the refractive index of TiO2 is 2.6. As seen in the figure, for TM polarized light, the tolerance window for fabrication imperfection is larger than for TE polarized light, thus the gratings were designed to yield high reflectivity for TM polarized light. To fabricate the HCGs, a Ni/SiO2-hard mask was defined by e-beam lithography and lift-off of the Ni-layer and subsequent dry etching of the SiO2. The pattern was transferred into the TiO2 by dry etching, the Ni removed in Ni-Cretchant, and the sacrificial SiO2-layer was under-etched in a buffered oxide etch. Critical point drying was used to avoid stiction and collapse of the grating bars. SEM-images of the fabricated free-standing TiO2 HCG structures are shown in The fabricated HCGs were fabricated to fit onto VCSEL mesas, and therefore had a quite small diameter of less than 20μm. Therefore, a micro-reflectance measurement setup was employed for characterization. However, since the microscope objectives have a certain numerical aperture the illumination and capture angle will not only be normally incident. In the setup used, the acceptance cone included angles up to 6°. More details about the characterization method and constraints to be able to estimate the absolute reflectance of these HCG structures can be found in Ref. 82 . Simulations: normal incidence Fig. 13 contains the extracted reflectance spectra for both TM and TE polarized light. Peak reflectance values exceeding 95% near the center wavelength of 435 nm with a full-width at half-maximum (FWHM) for the stopband of about 80 nm are achieved for the TM polarized light. The peak reflectance for the TE polarized light is however only 30% lower which is a much smaller difference than the theoretical predictions indicate. This is because it is not possible to isolate the reflectivity of the HCG from that of the structure beneath. The HCG is poorly reflective for TE polarized light and therefore a large reflection comes from the air/Si substrate interface, which has been included in the simulations. To get a good agreement between measured reflectivity spectrum and simulated it is important to also consider the finite acceptance angle of 6° in the measurement set-up, which is included in the simulations by averaging the reflectance values for different angles of the incoming light. The difference between including and not including non-normally incident light in the simulations can be seen by comparing Fig. 13 (a) and (b) .
(a) (b) Figure 13 . Measured reflectance spectra of the TiO2 HCG with a period of 370 nm, a duty cycle of about 45%, a grating layer thickness of 210 nm and an airgap of 340 nm, for both TM and TE polarized light, and (a) simulations assuming only normally incident light and (b) simulations accounting for a finite acceptance angle of 6°.
SUMMARY
The realization of electrically injected GaN-based VCSELs is challenging, but the progress in recent years is encouraging. Several groups have now demonstrated electrically pumped devices with an optical output power close to 1 mW and threshold current densities between 3-16 kA/ cm 2 . Some of the key challenges are to achieve high-reflectivity mirrors, vertical and lateral carrier confinement, efficient lateral current spreading, accurate cavity length control and lateral mode confinement. In this paper we have summarized state-of-the-art results and highlighted our work on combined lateral current and optical mode confinement, where we show that many structures used for current confinement result in unintentionally optically anti-guided resonators. Such resonators can have a very high optical loss, which easily doubles the threshold gain for lasing. We have also presented an alternative to distributed Bragg reflectors as high-reflectivity mirrors, namely TiO2/air high contrast gratings (HCGs). Fabricated HCGs of this type show a high reflectivity (>95%) over a 25 nm wavelength span.
